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On 25 April, 2015, an Mw7.9 earthquake occurred in Nepal, which caused great economic
loss and casualties. However, almost no surface ruptures were observed. Therefore, in
order to interpret the phenomenon, we study the rupture process of the earthquake to seek
answers. Inversion of teleseismic body-wave data is applied to estimate the rupture pro-
cess of the 2015 Nepal earthquake. To obtain stable solutions, smoothing and non-negative
constraints are introduced. 48 teleseismic stations with good coverage are chosen. Finite
fault model is established with length and width of 195 km and 150 km, and we set the
initial seismic source parameters referring to CMT solutions. Inversion results indicate that
the focal mechanism of this earthquake is a thrust fault type, and the strike, dip and rake
angle are in accordance with CMT results. The seismic moment is 0.9195  1021 Nm
(Mw7.9), and source duration is about 70 s. The rupture nucleated near the hypocenter and
then propagated along the dip direction to the southeast, and the maximum slip amounts
to 5.2 m. Uncertainties on the amount of slip retrieved by different inversion methods still
exist, the overall characteristics are inconsistent. The lack of shallow slip during the 2015
Gorkha earthquake implies future seismic hazard and this region should be paid more
attention to.
© 2016, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).How to cite this article: Zhang L, et al., Source rupture process of the 2015 Gorkha, NepalMw7.9 earthquake and its tectonic
implications, Geodesy and Geodynamics (2016), 7, 124e131, http://dx.doi.org/10.1016/j.geog.2016.03.001.1. Introduction
Nepal is located along the active Main Himalayan thrust
arc, where the Indian plate underthrusts the Eurasian plate atics, China Earthquake A
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accommodates approximately a half of the tectonic conver-
gence between these two plates [1,2]. The locked part of the
subduction interface has a low-dip angle (about 10) and is
located at depths of 4e18 km [3], and has potential to generatedministration, Beijing 100081, China.
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beneath Eurasia generates numerous earthquakes and
makes this area one of the most seismic activity regions.
Although a major plate boundary with a history of large
earthquakes, large earthquakes on the Himalayan thrust are
rare in the documented historical era. Just four events of M6
or larger have occurred within 250 km of the April 25, 2015
earthquake over the past century. In Eastern Nepal, two
known major earthquakes occurred in 1833 and 1934. In
particular, the 1934 Mw8.1 BihareNepal earthquake was
destructive and caused many fatalities (Fig. 1).
The 2015 Nepal earthquake (also known as the Gorkha
earthquake) occurred as a result of thrust faulting on or near
the main frontal thrust (MFT) between the two plates. The
mainshock occurred at 11:56(NST) on 25 April, with a magni-
tude ofMw7.9 (by USGS) and a maximumMercalli Intensity of
IX, which was the worst earthquake to strike Nepal since the
1934 NepaleBihar earthquake. The earthquake's effects were
amplified in Kathmandu as it sited on the Kathmandu Basin,
which killed more than 9000 people, injured over 23,000 and
caused great economic loss.
Themainshock was approximately 80 km to the northwest
of Kathmandu, which triggered numerous aftershocks (Fig. 2).
Till 2015 November 19, over 249 aftershocks of magnitude
Mw4.0 or greater occurred to the southeast of the
mainshock, and the biggest one is of magnitude Mw7.3. The
majority of the aftershocks were located more than 30 km
north of the MFT, indicating that the earthquake might not
have ruptured the shallow part of the fault. In addition, no
obvious surface ruptures were observed. After the
earthquake, many researchers applied different methods to
retrieve the rupture process, however, the magnitude of the
maximum slip differs a lot [5e9]. Especially when only
teleseismic P wave data are used, some results areFig. 1 e Tectonic map of the 2010underestimated too much [5]. To examine the differences
and gain an understanding of the mechanism of this
earthquake, we try another inversion method to investigate
the rupture process.2. Inversion method and data
2.1. Method
Generally the seismic source could be represented using
point source and finite fault source model. Due to the small
size scale and short rupture duration, small earthquakes
could be modeled by point source model and the slip was
assumed to be unniform on the fault plane. But for big
earthquakes, finite fault model are more appropriate [10].
Rupture process is spatially discretized by dividing a finite
fault into m  n subfaults and each point source is set at the
center of every subfault. And slip rate function is denoted by
a series of triangle functions with rise time t and the fault
slip vector denoted by K basis slip vectors. The observed
seismic waveform at the station j is stated by reference [10]:
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where Xmnkl is the kth component of slip at the mnth subfault
with the lth time step; Gmnkj (t) is the Green's function at the
mn-subfault; Vr is the rupture velocity; ej is the Gaussian error
with variance of j. We determine the model parameters that
minimize the sum of squared residuals S, given byMentawai earthquake region.
Fig. 2 e Schematic representation of the fault system beneath the Himalaya (Red line denotes the MFT fault, and pink line
denotes the rupture region) [1,2].
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The best estimates of model parameters could be esti-
mated using the least-squares method described by Jackson
and Matsu'ura [11]. To determine st and sd objectively, we
adopted the minimum Akaike's Bayesian information
criterion (ABIC) [12]. The optimal ABIC formulation of two
types for partially-dependent prior information was
developed by Fukahata et al. [13], and its validity has already
been checked. The ABIC for the present case is expressed
using the following equation:
ABICðx; st; sdÞ ¼N log S
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N is the total number of the observation equations. We
apply a grid-search method to obtain optimal values of st and
sd. In this paper, to solve the least squares problem with a
positivity constraint on the model parameters, the non-
negative least squares (NNLS) algorithm of Lawson and Han-
son [14] was employed. The positivity constraint is imposed
not only because it is physically reasonable but also negative
slips lead to destructive interference between subfaults,
producing unstable solutions [15].
In general, it had better obtain the rupture process of big
earthquakes by joint inversion of teleseismic data and near
source data, which could provide detailed characteristics of
rupture propagation. However, under some circumstances, it
is difficult to retrieve the near source seismic or GPS data.
Therefore, teleseismic wave data also can be used for invert-
ing the rupture process of big earthquakes. On one hand, the
data could be retrieved quickly, which mainly contained thelong period (low frequency) components. And on the other
hand, it is sure that the general characteristics, such as the
overall slip distribution, moment rate function and the depth
range of the rupture area could be roughly described as well.
In this paper, due to lack of near source data, the spatiotem-
poral distribution of slip on the fault planewas inverted by the
teleseismic body-wave inversion program.2.2. Data processing
The broadband data with vertical components of tele-
seismic P waves of the Gorkha earthquake were retrieved
from the Data Management Center of the Incorporated
Research Institutions for Seismology (IRIS). 46 teleseismic
stations' waveforms were selected with good azimuthal
coverage and high signal-noise ratio (Fig. 2). In order to avoid
the upper mantle contamination to the crustal structure, all
the stations ranged from 30 to 90 (see Fig. 3).
The teleseismic waveforms were windowed for 100 s, start-
ing 10 s before P-wave arrival, band pass filtered between 0.001
and 1.0 Hz, and then integrated into displacement with sam-
pling time 0.25 s. Green's function for teleseismic data were
calculated using the method of Kikuchi and Kanamori [16],
where the multilayer structure is used to compute response of
source, station and PP bounce point structures. The velocity
structuremodel fromCrust2.0 [17]wasadopted (Tables 1 and2).
To reduce the instability caused by an increase of model
parameters, smoothing constraints to the slip distribution
with respect to time and space were applied. We adopted a
finite difference Laplacian smoothing matrix to impose
smoothness constraints on the model, to regularize the
inversion. A non-negativity constraint was also employed,
with the assumption that no backslip would be accommo-
dated in the earthquake, and constrained the slip to zero along
the sides and bottom of the fault patch.
Table 1 e Structure velocity model of the 2015 Nepal
earthquake from Crust 2.0.
Thickness
(km)
Vp(km/s) Vs(km/s) Density
(g/cm3)
7-Layer
crustal
model
0.0000 1.5000 0.0000 1.0200
0.0000 3.8100 1.9400 0.9200
0.0000 2.5000 1.2000 2.1000
0.0000 4.0000 2.1000 2.4000
22.0000 6.0000 3.5000 2.7000
24.0000 6.4000 3.7000 2.8500
24.0000 7.1000 3.9000 3.1000
Fig. 3 e Distribution map of teleseismic stations. (Red solid circles denote the seismic stations; yellow star represents the
2015 Nepal main shock).
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3.1. Inversion parameters
Several earthquake rupture models for the 2015 Nepal
mainshock have been developed (reference [18], United States
Geological Survey (USGS) (2015)). The slip distribution of the
USGS model is illustrated that the fault length and width of
the rupture plane are 220 and 165 km and its strike and dip
are 295 and 10, respectively. Eric et al. [8] (2015) assumed a
planar fault from the nodal plane of a W-phase moment
tensor inversion with a strike of 295 and a dip of 11.
In this paper, the seismogenic Main Frontal fault (MFT) was
simplified as a single planar fault as well like other studies
mentioned above. Based on the distribution of the after-
shocks, the fault model with the area of 195 km  150 kmwas
constructed. After a trial and error process, the fault planewas
divided into 13  10 grids with subfault dimension of 15 km.
We fixed the strike to a constant value of 293, dip to 7 and
the rake angle of 108 estimated in the Global Centroid
Moment Tensor solution. The epicenter location (focal depth
was 15 km) was referred to the result determined by USGS.
Slip rate function of the subfault was expanded into a series of20 basic triangle functions with a rise time of 2 s. We exam-
ined the optimum value for Vr within the range of 0.5 km/s to
3.5 km/s, and found when the maximum rupture velocity was
2.5 km/s, a minimum variance was obtained.3.2. Inversion results
The inversion results were shown in Fig. 4. Fig. 4aed
showed the earthquake focal mechanism, the moment
rate function, the slip distribution, and the teleseismic
Table 2 e Focal mechanism solutions of the 2015 Nepal earthquake.
Data source Plane 1 Plane 2 M0 Focal depth
Strike () Dip () Rake () Strike () Dip () Rake ()
USGS 295 11 108 96 79 87 5.7  1020 15
GCMT 293 7 108 95 83 88 15
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comparison of the waveforms, it was testified that the
inversion results were robust (Fig. 4d). With this
prerequisite, we further analyzed the results. The focal
mechanism of the 2015 Nepal earthquake was the thrust
fault type, which is consistent with the Main Frontal Thrust.
And the total seismic moment M0 was 0.9195  1021 Nm
(Mw7.9), which was in agreement with that estimated by
global CMT moment solution. The seismic moment was
released during a period of 80 s (Fig. 4b). And the rupture
mainly extended along the dip direction (Fig. 4c), and
propagated from the hypocenter to the shallower subfaults.
The final slip distribution map described that the maximum
slip was around 5.2 m existing to the southeast of the
hypocenter. Most of the seismic energy was released within
10e40 s and the biggest asperity was near Kathmandu
(about 40 km to the southeast of the hypocenter) with its
maximum slip around 5.2 m. It was interesting to find that
the slip near the hypocenter amounted to 2.25 m, which
was about 50% of the maximum slip. It was about 60 km
from the maximum slip sub-fault. Within 40e70 s, rupture
continuously propagated along the dip to the shallower
part, although causing small slip (0.5e1.0 m), it did not
rupture to the surface.
Fig. 5 showed the surface projection of coseismic slip of
25 April Mw7.9 Gorkha earthquake, aftershock distribution
in 7 months after the mainshock and focal mechanisms of
the mainshock and some bigger aftershocks. The
aftershock data are obtained from USGS while the focal
mechanisms are taken from global CMT solution results.
Red line represented the surface trace of MFT used to
constrain the strike of the fault plane. Blue star denoted
the epicenter of the main shock. Yellow dots denoted the
aftershocks of M > 4 from 25 April to 31 November 2015.
The Mw7.3 aftershock on 12 May 2015 was shown by a
magenta star. Color scale showed the slip magnitude in
meters, and arrows were corresponded to the slip
directions.
The rupture propagatesmainly along the dip direction. The
majority of aftershocks occurred along the eastern half part of
the mainshock fault plane and the biggest aftershock was the
12 May 2015 Mw7.3 aftershock, which caused more damage
and casualties. From Fig. 5a, it was found that the 1833Mw7.7
earthquake occurred in the same area with the 2015 Nepal
earthquake sequences. To some extent, it could be assumed
that the seismogenic fault of them were same. By
comparison of the aftershock distribution with the slip
distribution map, it was indicated that the aftershocks
mainly occurred in the maximum slip area with high stress.
The focal mechanisms of the aftershocks as shown in Fig. 5b
predominantly were thrust faulting, which were consistent
with the MFT.4. Discussion and conclusion
4.1. Comparison with other results
The USGS source model has its maximum slip of 3.11 m
(north of Kathmandu). It is also interesting to observe that the
estimated slip near the hypocenter is 1.29 m, which is about
40% of themaximumslip, and its distance from themaximum
slip sub-fault is about 70 km.
Zhang et al. [5] determined the rupture process by joint
inversion of teleseismic P waves and GPS data, and
concluded that the rupture unilaterally propagated to the
southeast with peak slip of about 5.2 m. The source duration
was about 80 s, and two subevents were separately identified
at 0e45 s and 60e70 s. However, in his study, when only
teleseismic P wave data were used, the maximum slip was
much underestimated (maximum slip only 2.1 m).
Fan et al. [6] analyzed the rupture process with
backprojection method using both high-frequency and low-
frequency P waves. The rupture propagated east-southeast
from the hypocenter for about 160 km with duration of
about 55 s. An initial slow downdip rupture near the
nucleation area for the first 20 s, followed by two faster
updip ruptures, which released most of the radiated energy
northeast of Kathmandu.
Wang et al. [7] used InSAR and GPS data to invert coseismic
slip distribution of the 2015 Gorkha earthquake. The result
suggested that the seismic moment from the slip model was
6.08  1020 Nm, corresponding to Mw 7.8. The rupture was
dominated by thrust motion that was primarily
concentrated in a 150 km long zone northward from the
surface trace of the Main Frontal Thrust (MFT), with
maximum slip of 5.8 m at a depth of 8 km.
Eric et al. [8] assumed a planar fault derived from the nodal
plane of a W-phase moment tensor inversion. The results
showed that the slip extended over an area about 170 km
long and between 5 and 15 km depth, with peak slip of
5.5e6.5 m over a large asperity just north of Kathmandu.
Yagi et al. [9] applied a novel waveform inversion
formulation that mitigates the effect of Green's functions
uncertainty and a hybrid backprojection method that
mitigates contamination by depth phases. The results
showed that the rupture area extended eastward from the
epicenter, and the effective rupture area was
approximately 120 km long and 80 km wide. The
maximum slip was about 7.5 m, and was centered about
50 km east of the epicenter. The total seismic moment
was 9.1  1020Nm (Mw7.9), which is similar to the GCMT
solution. The dynamic rupture front propagated eastward
from the hypocenter at 3.0 km/s and triggered a large-slip
event centered about 50 km to the east.
Fig. 4 e Joint inversion result of the Nepal earthquake. a e Focal mechanism; b e Source time function; c e Slip distribution;
d e Teleseismic waveform comparison (black-observed, red-synthetic).
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Fig. 5 e Slip distribution on the map view. a) Slip distribution and aftershocks. b) Slip distribution and focal mechanism of
some aftershocks in 7 months (http://wwwglobalcmt.org/CMTsearch.html).
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propagated from the hypocenter toward southeast and did not
cause surface rupture. And the overall slip distribution ob-
tained only with teleseismic P wave data in this paper was
similar with those joint inversion results with multi datasets.
Our maximum slip ~5.2 mwas in accordance withWang et al.
[7] and Eric et al. [8], which did not show underestimation of
the maximum slip as the results only with P wave data
obtained by Zhang et al. [5]. It is noted that the method we
used in this study can retrieve more reasonable results with
only teleseismic P wave data.
4.2. Conclusion
Our inversion results showed that the rupture nucleated
around the hypocenter and propagated to the southeast andbroke the first asperity centering at 30 km from the epicenter
with maximum slip amounting to 5.2 m, then propagated
along the dip direction to the southeast.
Although there were differences in slip distributions based
on different methods and datasets, the conclusion that the
2015 Gorkha earthquake rupture did not propagate to the
surface is robust. Slip distribution map showed that the 2015
mainshock did not rupture the shallow part of the MFT, but
only a deep part of the seismogenic zone. Mai et al. [19]
statistically analyzed amount of earthquake rupture models,
and found that the rupture often nucleated in the regions
where slip was low-to-moderate and close to the maximum
slip. The nucleation of the 2015 mainshock is in good
agreement with these empirical rules. High-frequency
radiation tended to be in the deeper part of the large-slip
area, which suggested that heterogeneity of the stress drop
g e o d e s y and g e o d yn am i c s 2 0 1 6 , v o l 7 n o 2 , 1 2 4e1 3 1 131or fracture energy there may have contributed to the damage
in and around Kathmandu.
Analysis of GPS measurements made before the earth-
quake indicated that the MFT was locked from surface to a
distance of approximately 100 km downdip [2]. Recent
investigations of the Quaternary geomorphology along the
MFT showed that at least two great earthquakes had
ruptured to the surface in Nepal in the past 1000 years [20].
In particular, the 1934 Bihar-Nepal M8.2 earthquake ruptured
an about 150 km-long segment of the MFT to the east of the
2015 rupture. Based on previous study of the Main Frontal
Thrust, on average a great earthquake occurs every
750 ± 140 and 870 ± 350years in the east Nepal region
https://en.wikipedia.org/wiki/April_2015_Nepal_earthquake
[21]. A study from 2015 found a 700-year delay between
earthquakes in the region. The study also suggests that
because of tectonic stress buildup, the 1934 earthquake in
Nepal and the 2015 earthquake follow a historic earthquake
pattern and are connected https://en.wikipedia.org/wiki/
April_2015_Nepal_earthquake [22]. The 2015 Gorkha
earthquake ruptured the deep part of the seismogenic zone,
with little or no slip in the shallow part. It can be assumed
that unless the degree of seismic coupling varies along the
fault strike, the lack of shallow slip during the 2015 Gorkha
earthquake implies future seismic hazard and this region
should be paid more attention to.Acknowledgments
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